Importance of glycosylation for biologics production
Glycosylation is post-translational modification (PTM) occurring within the secretory pathways of cells, that is, endoplasmic reticulum (ER) and Golgi apparatus, where monosaccharide units such as galactose (Gal), mannose (Man), fucose (Fuc), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc) and sialic acids are covalently attached to specific amino acids of newly synthesized proteins and lipid structures [1] [2] [3] . Glycans attached to the amide nitrogen atom of asparagine (Asn) residues are termed N-linked glycans (Figure 1(A) ), while glycans attached to the oxygen atom of serine (Ser) or threonine (Thr) residues are O-linked glycans (Figure 1(B) ). Glycans can be attached in linear or branching chains and may be linked by a-or b-glycosidic linkages at various linkage positions such as 1!3, 1!6 or 2!3. The possible variations in monosaccharide composition, glycosidic linkages and glycan branching gives rise to an extremely diverse glycan repertoire [4] . Concomitantly, biologics with varying glycostructures may differ in therapeutic efficacy as glycans can significantly influence protein solubility, bioactivity, stability and immunogenicity [5] . In monoclonal antibody (mAb) manufacturing, core fucosylation was shown to attenuate antibody-binding affinity via potentially masking binding moieties on N-glycans [6] [7] [8] .
Immunoglobulin G (IgG) with a low degree of fucosylation (21%) was found to have enhanced binding affinity to FccIIIA Fc receptors (FccRIIIA) up 53-fold as compared to a highly fucosylated IgG (98% fucosylated) [9] . Accordingly, antibody-dependent cellular cytotoxicity (ADCC) was increased in fucose-deficient IgG [9, 10] . Oligomannose glycostructures Man5 and Man8/9 have similarly been shown to enhance FccRIIIA binding and ADCC activity in comparison to complex-fucosylated glycostructures and at similar levels to afucosylated complex structures [11, 12] . One caveat, however, is that oligomannose glycostructures are rapidly cleared from circulation either via a mannose receptor or mannosebinding lectin-mediated mechanisms, thus affecting the pharmacokinetics of therapeutic antibodies [12] [13] [14] [15] . Sialylation has been shown to be important for several properties of recombinant proteins, improving solubility, biological activity, thermal stability and circulatory half-life [16] [17] [18] . In vivo, sialic acids prevent the recognition of sub-terminal Gal and GalNAc residues by asialoglycoprotein receptors on hepatic cells, protecting glycoproteins from uptake and degradation [19] . In most mammals, the predominant sialic acids produced are N-acetylneuraminic acid (Neu5Ac) and (A) N-glycosylation initiates with the construction of a Glc 3 Man 9 GlcNAc 2 -PP-dolichol precursor glycan which is then attached onto asparagine residues of nascent proteins as part of a cotranslational modification. Properly folded proteins are then trafficked to the Golgi apparatus where a myriad of factors influence further processing of glycans to form a heterogeneous population of oligomannose, complex-or hybrid-type glycostructures. (B) O-linked glycosylation initiates in the Golgi with the attachment of N-acetylgalactosamine (GalNAc) units onto serine and threonine residues of newly translated proteins. Addition of galactose (Gal) and N-acetylglucosamine (GlcNAc) units subsequently results in the synthesis of different O-glycan core structures (core 1 to 4). Uridine diphosphate (UDP)-glucose; Guanosine diphosphate (GDP)-mannose; Dolichyl-phosphate N-acetylglucosaminephosphotransferase 1 (DPAGT1); Asparagine linked glycosylation (ALG) genes; RNA polymerase-associated protein RTF1 homolog (RTF1); Oligosaccaryl transferase (OST); N-acetylglucosaminyl Transferase I (GnT-I); N-acetylglucosaminyl Transferase II (GnT-II); Fucosyltransferase (FucT); Galactosyltransferase (GalT); Sialyltransferase (SialT); b-1,6 GlcNAc transferases (C2GnT-1, -2 or -3); N-acetylneuraminic acid (Neu5Ac).
N-glycolylneuraminic acid (Neu5Gc). Humans do not produce Neu5Gc due to a 92-bp deleterious mutation on the CMAH gene which codes for cytidine monophospo-Neu5Ac (CMP-Neu5Ac) hydroxylase, an enzyme that converts CMP-Neu5Ac into CMP-Neu5Gc [20, 21] . However, circulating Neu5Gc-specific antibodies have been detected in humans reflecting the presence of Neu5Gc, postulated to be derived from dietary red meat and dairy products [22, 23] . More importantly, this demonstrates that Neu5Gc-decorated proteins have the capacity to elicit an antibody response in humans [22] [23] [24] . The level of Neu5Gc in biologics is thus an essential component to assess as circulating Neu5Gc-specific antibodies can neutralize and reduce the halflife of Neu5Gc-containing glycoproteins [25, 26] . Furthermore, prolonged treatments with Neu5Gc-containing biologics could result in the accumulation of Neu5Gc in tissues and consequently promote antibodymediated inflammation, atherosclerosis and carcinoma progression [27, 28] .
Among several factors, protein glycosylation is influenced by host-cell type. Different host systems may express varying glycosylation enzymes and transporters, contributing to the specificity and heterogeneity in glycosylation profiles and subsequent clinical effectiveness of the therapeutic product. For example, recombinant glucocerebrosidase (GC) can potentially be produced using plant species such as the Arabidopsis thaliana and Nicotiana benthamiana, since these cells typically produce glycoproteins with oligomannose structures required for GC's therapeutic efficacy to treat Gaucher's disease [29, 30] . However, glycoengineering strategies have to be employed to circumvent the attachment of plant-specific b-1,2-xylose and a-1,3-fucose [31] [32] [33] to lower the risk of immunogenic reactions that may be elicited by nonhuman glycans as previously observed in some murine-derived biologics [34] [35] [36] . In another example, several cases of anaphylaxis and angioedema were highlighted in clinical trial studies for cetuximab, an FDA approved mouse-human chimeric monoclonal antibody (mAb) used for treating patients with EGFRexpressing metastatic colorectal cancer [37] . These side effects were ascribed to the presence of immunogenic galactose-alpha-1,3-galactose (alpha-Gal) glycans found in 30% of Cetuximab glycostructures [36, 38, 39] .
These studies highlight the importance of glycosylation in biologics production and correspondingly, the need to determine an appropriate host cell system that would produce a functional glycosylation profile. Glycosylation of recombinant proteins in non-mammalian systems are different from humans and thus have limited applications in the production of therapeutic glycoproteins [40] [41] [42] [43] [44] [45] [46] [47] . Nonetheless, efforts are currently underway to engineer these different expression systems for therapeutic glycoprotein production [48] [49] [50] . As mammalian cells are the predominant expression systems for over 60% of recombinant protein pharmaceuticals [51] , we review the glycosylation potential of various mammalian host cells in the following sections. In addition, we compare reported glycosylation profiles of four recombinant glycoproteins produced in different mammalian cells to establish the influence of mammalian host cell lines on glycosylation.
Mammalian expression platforms
Mammalian cells possess the metabolic machinery to produce and secrete recombinant proteins that closely resemble or are fully compatible with humans. As such, mammalian host cells are the preferred expression systems for the manufacture of complex-type N-linked glycoproteins such as multimeric antibodies and blood clotting factors. Types of mammalian cells used for the production of approved bio-therapeutics include Chinese hamster ovary (CHO) cells, baby hamster kidney (BHK) cells, NS0 myeloma and Sp2/0 hybridoma mouse cell lines, human embryonic kidney cells 293 (HEK293) and HT-1080 human cells.
Nonhuman mammalian systems
Of the several nonhuman mammalian expression systems, CHO cells are the predominant host cell platform accounting for over 60% of currently approved bio-therapeutics [52] [53] [54] . The wide use of CHO cells is related to the number of advantages they offer as host cells for production. CHO cells are well characterized with the established gene amplification methods and improved clonal selection strategies, contributing to the overall increase in protein production yield [55] . In terms of culture conditions, CHO cells can be adapted to suspension cultures and in chemically defined, serum-free media which allows for large scalability and inter-batch reproducibility. CHO cells are robust, being highly tolerant for changes in culture conditions including pH, oxygen level, pressure and temperature [56, 57] . Utilizing CHO cells for production confers safer manufacturing conditions to recombinant proteins as CHO cells have restricted susceptibility to human viruses thus reducing the risk for transmission of adventitious agents from CHO cells to humans [58, 59] . More importantly, CHO cells are able to produce complex types of recombinant proteins with human-compatible glycosylation. CHO cells, however, do not express Gal a2,6 ST, a1,3/4 fucosyltransferase or b-1,4-N-acetylglucosaminyltransferase III (GnT-III) which are enzymes expressed in human cells (Table 1 ) [60] [61] [62] . As such, CHO-derived proteins may lack or have differing glycostructures from human-derived glycoproteins. Combined with their long history for use in manufacturing (since 1986 for the production of tissue plasminogen activator), risks of a delay for regulatory approvals are relatively lower with CHO cells as compared to novel host cell lines [53] .
Other nonhuman mammalian expression systems include the BHK-21 cells, murine NS0 myeloma and Sp2/0 hybridoma cells. BHK-21 cells were derived from baby Syrian hamster (Mesocricetus auratus) kidney [63] and are used for the production of coagulation factors, for example, FVII and FVIII [54, 56, 64] . Murine NS0 myeloma and Sp2/0 hybridoma cells were derived from immunoglobulin-producing tumor cells [65, 66] . These cells no longer produce their original immunoglobulins but still possess the machinery to do so. As such, NS0 and Sp2/0 cells are utilized for the production of monoclonal antibodies [64, 67] .
Despite their wide use in the production of human recombinant proteins, nonhuman mammalian cells lack or have differing machineries for humantype glycosylation. Consequently, glycosylation patterns produced in these cells can be immunogenic in humans. Certain murine cell lines, such as NS0 and Sp2/0, can potentially attach antigenic alpha-Gal onto recombinant proteins which may trigger an immunogenic response, such as anaphylactic shock in humans [39, 68] . Most nonhuman mammalian cell lines can also attach Neu5Gc which can similarly elicit immunogenic responses [26] [27] [28] 69, 70] . Due to the potential risks, nonhuman cell lines are stringently screened to identify clones that produce recombinant proteins with a desired glycan profile [26] .
Human cell lines for glycoprotein production
Human cell lines are a promising and emerging alternative to nonhuman host cells as the resultant recombinant protein would possess fully human PTMs, reducing the cost for downstream processing and, more importantly, circumventing the risk of immunogenic reactions from nonhuman glycans. With the capacity to produce human therapeutics that most resemble native counterparts, human host cells holds an advantage over other expression systems. Human cell lines used or developed for biopharmaceutical production include HEK293, PER.C6, CEVEC's amniocyte production (CAP), AGE1.HN, HKB-11 and HT-1080 cells.
HEK293 cells were immortalized in the 1970 s by transforming genomic regions of an adenoviral vector into cultures of normal human embryonic kidney cells [71, 72] . These regions are trans-complementary for adenovirus type 5 expression vectors which can replicate adenovirus to high titers in HEK293 cells. HEK293 cells are adaptable to suspension cultures in chemicallydefined, serum-free media making HEK293 cells easily scalable for large-scale manufacture [73] . Several derivatives of HEK293 cells, such as HEK293-T and HEK293-EBNA1, have been developed from the parental HEK293 cells for improved recombinant protein production [74] [75] [76] . The highly transfectable HEK293-T cells were developed through further transformation of the simian vacuolating virus 40 (SV40) large T antigen into HEK293 cells. HEK293-T cells are notably capable of producing high titer yields of retroviral vectors expressing genes that can be used for gene therapy [77] . Similarly, HEK293-EBNA1 cells are HEK293 derivatives stably transfected with the Epstein-Barr virus (EBV) nuclear antigen 1 (EBNA1). HEK293-EBNA1 cells have an improved [81] . PER.C6 cells are derived from human primary embryonic retinoblasts. These cells are reported to be capable of growing in high cell densities and can produce recombinant proteins at high yield without the amplification of the inserted gene of interest [82] . CAP cells, developed from primary human amniocytes, offer similar advantages such as the capacity to grow at high cell densities in suspension cultures and the ability to stably and highly express fully glycosylated and sialylated proteins without the presence of antibiotic selection pressures [83] . AGE1.HN cells, derived from the periventricular zone of a human fetal brain, are also able to grow in suspension cultures at high densities [84] . Additionally, AGE1.HN cells have been engineered for apoptosis-resistance in culture media with high ammonia build-up as observed in the late stages of bioproduction [84, 85] .
Another cell line used for biologics production is the HKB-11 cell, a hybrid clone generated through polyethylene glycol fusion of HEK293-S and a modified Burkitt's lymphoma B-cell line [55, 86, 87] . HKB-11 cells are capable of producing recombinant proteins at high yields without forming aggregates as seen in human host cells [87] . Interestingly, HKB-11 cells have been shown to be superior to HEK293 and BHK-21 cells for high-titer production of recombinant proteins such as human FVIII [88] . Yet another cell line used for biologics production is HT-1080, a human fibrosarcoma cell line with an epithelial-like phenotype [89] . By introducing DNA promoters to activate expression of endogenous genes, HT-1080 has been utilized to produce four commercial biologics, namely epoetin delta (DYNEPO V R ), iduronate-2-sulfatase (ELAPRASE V R ), agalsidase alfa (REPLAGAL V R ) and velaglucerase alfa (VPRIV V R ) [90] .
Similar to other expression systems, there are limitations to using human cells for production. Human cell lines have the capacity to produce sialyl-Lewis x (sLe x )
antennary fucosylation which localize and bind to endothelial selectins in areas of inflammation [91] . Although favorable for anti-inflammatory therapeutics, undesired production of biologics with sLe x antennary fucosylation could perturb the drug's proper biodistribution and pharmacokinetics. Another constraint is that human cell lines carry a potential risk for the contamination and subsequent transmission of human pathogens such as viruses and other adventitious agents due to a lack of a species barrier that would otherwise be present in nonhuman host cells. In this aspect, it is notable that many of these human cell lines are also used for the production of viral vaccines and gene therapy vectors, underscoring the propensity of these cells to propagate human viruses [92] . This will likely be of regulatory and safety considerations in therapeutic biopharmaceutical manufacturing. Nonetheless, these considerations are not insurmountable, because there are currently approved therapeutic biopharmaceutical produced using HEK293 and HT-1080 cell lines [93] . Advancements in manufacturing technologies such as improvement in viral inactivation and clearance methods can also address potential contamination by adventitious pathogens [94, 95] .
Impact of mammalian host cell line on glycosylation
Different cell types naturally affect glycosylation profiles of recombinant proteins [96] [97] [98] . This phenomenon is observed throughout the different classes of recombinant biologics -mAbs, vaccines, hormones, growth factors, anticoagulants, cytokines and general recombinant glycoproteins. In comparing glycosylation profiles of 12 different proteins produced in CHO-S and HEK293-EBNA1 cells, glycosylation differences were observed as evidenced from differences in molecular weight, isoelectric point (pI), glycoprotein structure and mass peak profile [97] . Glycan analysis of the same biologics produced in the two different cell lines generally showed that glycoproteins expressed in HEK293 cells had more complex glycosylation profiles compared to CHOderived proteins [97, 99] . In contrast, CHO-derived proteins were more sialylated compared to HEK293-derived proteins [97, 99] .
To further investigate the impact of mammalian cell lines on glycosylation, we chose four glycoproteins (IgG, coagulation factor VII (FVII), erythropoietin (EPO) and recombinant alpha-1 antitrypsin (A1AT)). These four glycoproteins were chosen from different classes of recombinant biologics produced in mammalian cells and were either blockbuster drugs with large revenues or represent biologics for which more glycosylation data is available. In addition to differences in host cell line, we noted that cell cultivation and analytical methods may also contribute to observed differences in glycosylation structures: for example, cells are known to be able to incorporate Neu5Gc from serum in culture media [100] ; analysis of sialylated glycostructures by matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) is hindered by the labile nature of sialic acids which are readily lost upon ionization by MALDI [101] ; the negative charge on sialylated glycostructures generally have lower ionization efficiency compared to neutral glycans which results in a bias during MS quantification [102] . In order to take into account glycosylation differences arising from experimental variation, we collated data on culture methods, glycan release, labeling, separation and detection techniques. As such, we review reported glycosylation profiles of the four glycoproteins across different predominant mammalian cell expression systems in the case studies discussed below.
Immunoglobulin G (IgG)
Most antibodies developed for therapeutic use are of the human IgG isotype. The fragment crystallizable (Fc) region of IgG is essential for the binding of Fc gamma receptors (FccR) on myeloid and natural killer (NK) cells, inducing ADCC [103] . The predominant glycan at position N297 of the Fc region is a biantennary complex-type structure composed of a core Man and GlcNAc residues, annotated as G0 (Figure 2 ). Structural changes induced in this biantennary glycan core have been reported to affect FccR binding and subsequent ADCC effector functions [104] . Glycoforms with this core structure include a variable number of Gal residues annotated as G1 and G2 structures. Further, glycosylation of this biantennary structure include attachment of core-fucose and bisecting GlcNAc moieties as observed in approximately 90% and 10% of serum-derived IgG respectively [105] .
The major glycoform expressed in plasma-, CHO-K1-, HEK293-derived IgG are core-fucosylated G1 structures [105] [106] [107] [108] [109] [110] [111] . Studies using high-performance liquid chromatography (HPLC) and MS analysis of IgG glycostructures derived from human plasma, CHO and HEK293 cells showed that a majority were core-fucosylated with approximately half of glycostructures containing Gal residues [106, [109] [110] [111] . On the other hand, Hills et al. reported that IgG derived from NS0 mouse cell lines has only 21% or about 0.3 mols galactose per complex N-linked glycan, although the glycans were also predominantly core-fucosylated biantennary complex-type structures [112] . In the same study, about 29% of the glycostructures identified in NS0-derived IgG were highmannose type glycans [112] , while Mimura et al. reported that high-mannose N-glycans detected in CHO-K1, J558L and HEK293 cells were relatively lower with 3.5%, 5.5% and 1.1% respectively [110] .
Terminal sialylation was detected at low amounts of under 5% on IgG derived from human plasma, CHO-K1, J558L and HEK293 cells [105, 106, [108] [109] [110] 112, 113] . Due to low abundance, sialylated glycoforms of CHO-derived IgG was not clearly distinguishable through HPLC chromatograms and was thus not depicted during the two studies that utilized only liquid chromatography for glycan profiling [108, 110] . In contrast, Montesino et al. reported that 11.8% of total N-glycans detected on NS0-derived IgG were sialylated [114] , relatively more abundant than IgG derived from human plasma, CHO-K1, J558L and HEK293 cells. We noted that an absence of sialic acid in NS0-derived IgG was reported by Sheeley et al. and Hills et al. [111, 112] , but this may be explained by the analytical methods employed: Sheeley et al. focused only on analyzing expected biantennary structures, and Hills et al. proposed carbohydrate structures primarily based on HPLC chromatograms which could have omitted minor glycan structures.
Coagulation factor VII (FVII)
Activated FVII is a glycoprotein used to treat hemophilia A/B patients, stimulating the coagulation cascade to alleviate prolonged and frequent bleeding symptoms. More importantly, activated FVII is used as a bypassing agent for hemophilia patients who have developed antibodies against prophylaxis treatments with recombinant FVIII or FIX [115, 116] . Post-translational modification of FVII is highly complex which includes c-carboxylation and b-hydroxylation in addition to Nand O-linked glycosylation [117, 118] . To ensure proper expression of the glycan profile, recombinant FVII is produced in mammalian cells.
N-glycosylation of FVII occurs primarily on the light chain at N145 and the heavy chain at N322 (Figure 3) . Characterization of N-glycans by reverse-phase HPLC and high pH anion exchange chromatography-pulse amperometric detection (HPAEC-PAD) showed that plasma-derived FVII were predominantly complex-type bi-and tri-antennary structures without core-fucosylation [119, 120] . The primary N-linked glycostructure on CHO-and BHK-derived FVII was reported to be complex-type biantennary di-sialylated core-fucosylated structures [119] [120] [121] , while HEK293-derived FVII was characterized to have the most heterogeneous N-linked glycans of about 20 different glycostructures, the main glycostructure being an agalacto-type biantennary core-fucosylated glycan with variable (0 to 3) Le x fucosylation on its antennae [120] . Comparing the glycosylation profile across different cell lines, Bohm et al.
showed that plasma-derived FVII contained the highest degree of terminal sialylation, followed by CHO-, BHKand HEK293-derived FVII at 4.06, 3.14, 2.96 and 0.57 sialic acids per molecule of FVII, respectively [120] . Figure 2 . Proposed structures of major N-linked glycans on IgG produced using mammalian cells [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] . Relative abundance of glycostructures, when determined by studies, is shown as percentage values. Relative abundance may not amount to 100% depending on the method of analysis employed by each study. Expression systems noted to produce immunogenic N-glycolylneuraminic acid (Neu5Gc) are denoted with # . Experimental methods are described in a matrix configuration [A.B.C.D.E] representing A -culture condition ("S" 10% serum; "SF" serum free); B -glycan release method ("H" hydrazinolysis; "PF" PNGase F; "T" trypsin digest); C -glycan labeling ("2AB" 2-aminobenzamide); D -separation technique ("AEC" high-performance anion-exchange chromatography; "LC" high-pressure liquid chromatography; "NLC" nano-liquid chromatography; "NP" normal-phase HPLC; "RP" reverse-phase HPLC); E -mass spectrometry ionization and detection ("ESI" electrospray ionization; "EM2" electrospray ionization coupled to tandem MS; "MAL" matrix assisted laser desorption/ionization; "À" negative ion mode; "þ" positive ion mode).
Methods not specified are denoted as "0". Figure 3 . Proposed structures of major N-linked glycans on FVII produced using mammalian cells [119] [120] [121] . Relative abundance of glycostructures, when determined by studies, is shown as percentage values. Relative abundance may not amount to 100% depending on the method of analysis employed by each study. Expression systems noted to produce immunogenic N-glycolylneuraminic acid (Neu5Gc) are denoted with # . Experimental methods are described in a matrix configuration [A.B.C.D.E] representing A -culture condition ("S" 2-10% serum; "SF" serum free); B -glycan release method ("AN" endoproteinase AspN; "H" hydrazinolysis; "PF" PNGase F; "T" trypsin digest); C -glycan labeling ("2AB" 2-aminobenzamide; "APTS" 8-aminopyrene-1,3,6-trisulfonate); D -separation technique ("AEC" high-performance anion exchange chromatography; "RP" reverse-phase HPLC; "SEC" size exclusion chromatography); E -mass spectrometry ionization and detection ("ESI" electrospray ionization; "MAL" matrix-assisted laser desorption/ionization; "À" negative-ion mode; "þ" positive-ion mode). Methods not specified are denoted as "0".
Liquid Chromatography (LC)-MS analysis of O-linked glycans showed that plasma-, CHO-and HEK293-derived FVII had a 55-70% xylose content on the S52 O-glycosylation site, while BHK-derived FVII had lower xylose content at 21% on the same site [120] .
Erythropoietin (EPO)
EPO is a hematopoietic hormone that regulates the proliferation and differentiation of erythroid precursor cells [122] . As such, recombinant EPO has been employed for the treatment of anemia resulting from conditions such as chronic renal failure and AIDS [123, 124] . Native EPO is N-linked glycosylated at sites N24, N38 and N83 and is primarily decorated with tetra-antennary complextype glycostructures (Figure 4) [125, 126] . Similarly, glycan profiles of recombinant EPO expressed in BHK-21, CHO and HT-1080 cells were predominantly tetra-antennary accounting for a relative abundance of 60-80% of total glycostructures observed [127] [128] [129] [130] . One study by Park et al., however, reports that the primary glycan structure observed in recombinant EPO derived from CHO cells was a bi-antennary complex-type glycan [131] . We note that disparities for this study may be due to determining a relative abundance of glycostructures from the area of MS peaks instead of quantitative HPLC peaks as analyzed in other studies.
Analysis of EPO fucosylation in urinary, BHK, CHO and HT-1080 showed predominant a(1,6) core-fucosylation [127] [128] [129] 131] . Interestingly, Shahrokh et al. detected the minute presence of a sialyl Le x epitope in HT-1080-derived EPO, not identified previously in other studies [130] . The majority of reported EPO glycostructures are acidic, capped mainly with terminal sialic acids. For example, the study carried out by Sasaki et al. reported that virtually all glycans detected were sialylated [129] . In another study, Llop et al. compared the number of sialic acid residues per EPO protein: IEF analysis of glycoprotein's pI showed the presence of more acidic bands with an estimated average of 12.02 sialic acid residues per glycoprotein in HT-1080-derived EPO compared to CHO-derived analogs with an estimated average of 11.53 sialic acid residues per glycoprotein molecule [128] . A slightly larger portion of tetra-charged structures were found in CHO-derived EPO as compared to HT-1080-derived EPO: Weak anion-exchange (WAX) HPLC profiling of charge-state glycans showed that recombinant EPO derived from CHO contained 47.85% tetra-charged, 36.85% tri-charged, 12.63% di-charged, 0.76% mono-charged and 1.9% neutral structures, while recombinant EPO derived from HT-1080 contained 44.28% tetra-charged, 37.69% tri-charged, 16.81% dicharged and 1.2% neutral structures [128] . In comparison, Skibeli et al. reported that tetra-charged moieties were not detected in EPO isolated from sera of anemic patients [132] . In our review, we noted one study that reported undetectable levels of sialylation in CHO-derived EPO [131] . While the authors did not specifically address this disparity, we postulate that it may be attributable to the specific CHO cell line used by the study. Structural analysis showed less antenna variability and a moderately lower number of N-acetyllactosaminyl (LacNAc) repeats in HT-1080 EPO compared to CHOderived analogs (Figure 4) [128, 130] : Shahrokh et al. reported that LacNAc repeats accounted for approximately 30% of total glycans in HT-1080-derived EPO and 32-38% of total glycans in CHO-derived EPO [130] , while Sasaki et al. reported that 56.8% of total glycans in CHO-derived EPO contains LacNAc repeats [122] . Analysis of reported structures showed that LacNAc repeats was more abundant in BHK-derived EPO (26.8% total glycans) and HT-1080-derived EPO (30% total glycans) than was observed in native urinary EPO (7.5% total glycans) [122] .
Lastly, Llop et al. observed that CHO-derived EPO contained approximately 1.3% of immunogenic Neu5Gc which was devoid in recombinant EPO derived from HT-1080 (128) . Traces of Neu5Gc detected in CHO-derived EPO was consistent across commercial erythropoiesis stimulating agents NEORECORMON V R (epoetin beta), EXPREX V R (epoetin alfa) and ARANESP V R (darbepoetin alfa) which contained 1.1%, 1.4% and 1.1% Neu5Gc [130] .
Alpha-1 antitrypsin (A1AT)
A1AT is a serine protease inhibitor with three main Nlinked glycosylation sites at positions N46, N83 and N247 [133] . The predominant glycans exhibited in native A1AT and are typically di-sialylated biantennary complex-type structures ( Figure 5 ) [134, 135] . In a study by Lee et al., N-linked glycan analysis of plasma-derived A1AT showed that the most abundant glycan structure detected was a di-sialylated biantennary glycan at 77.1% [136] . The predominant glycan found in CHO-derived recombinant A1AT was also a di-sialylated complex-type biantennary structure but at a lower percentage of 47.9% [136] . Other studies in human cell lines AGE1.HN, HEK293, HEK293T and PER.C6 showed similar findings where the predominant glycan observed in recombinant A1AT was a biantennary complex-type structure [137] [138] [139] [140] . Fucose was not detected in the predominant glycan in plasma-derived A1AT unlike in CHO-and human cellderived A1AT which exhibited varying degrees of Figure 4 . Proposed structures of major N-linked glycans on EPO produced using mammalian cells [126] [127] [128] [129] [130] [131] . Relative abundance of glycostructures, when determined by studies, is shown as percentage values. Relative abundance may not amount to 100% depending on the method of analysis employed by each study. Studies that analyzed glycoprotein sialylation separately are denoted with Ã . Expression systems noted to produce immunogenic N-glycolylneuraminic acid (Neu5Gc) are denoted with # . Experimental methods are described in a matrix configuration [A.B.C.D.E] representing A -culture condition ("S" 10% serum; "SF" for serum free); B -glycan release method ("H" hydrazinolysis; "PF" PNGase F); C -glycan labeling ("2AB" 2-aminobenzamide); D -separation technique ("AEC" high-performance anion-exchange chromatography; "LEC" lectin affinity chromatography; "RP" reverse-phase HPLC; "SPE" solid-phase extraction; "WAX" weak anion exchange chromatography); E -mass spectrometry ionization and detection ("ESI" electrospray ionization; "FAB" fast atom bombardment; "MAL" matrix assisted laser desorption/ionization; "À" negative-ion mode; "þ" positive-ion mode). Methods not specified are denoted as "0". Figure 5 . Proposed structures of major N-linked glycans on A1AT produced using mammalian cells [135] [136] [137] [138] [139] [140] . Relative abundance of glycostructures, when determined by studies, is shown as percentage values. Relative abundance may not amount to 100% depending on the method of analysis employed by each study. Studies that analyzed glycoprotein sialylation separately are denoted with Ã . Expression systems noted to produce immunogenic N-glycolylneuraminic acid (Neu5Gc) are denoted with # . Experimental methods are described in a matrix configuration [A.B.C.D.E] representing A -culture condition ("S" 10% serum; "SF" serum free); B -glycan release method ("PF" PNGase F); C -glycan labeling ("2AA" 2-aminobenzoic acid; "2AB" 2-aminobenzamide; "2PA" 2-aminopyridine); D -separation technique ("AEC" high-performance anion exchange chromatography; "NP" normalphase HPLC; "RP" reverse-phase HPLC); E -mass spectrometry ionization and detection ("ESI" electrospray ionization; "EM2" electrospray ionization coupled to tandem MS; "M2" tandem MS; "MAL" matrix-assisted laser desorption/ionization; "À" negative-ion mode; "þ" positive-ion mode). Methods not specified are denoted as "0". fucosylation. Total fucosylation in plasma-derived A1AT was minimal, present only in 10.2% of A1AT glycostructures as reported by Lee et al. [136] , while recombinant A1AT produced in CHO and human cell lines predominantly contained core a(1,6) fucose and to a certain degree, Le x fucose [136] [137] [138] 140] . Interestingly, we observed that Le x fucosylation was expressed the most in AGE1.HN-derived A1AT at about 48.5% compared to plasma-derived A1AT (<10%) and A1AT derived from other cell lines [135, 136, [138] [139] [140] . Amongst the cell lines assessed, the degree of sialylation in PER.C6-derived A1AT (96.7-99% sialylated) was most similar to plasma-derived A1AT (99.2% sialylated) [136, 140] . The degree of sialylation in recombinant A1AT expressed in CHO, AGE1.HN and HEK293 cells were moderately lower at about 90% of total glycostructures [136] [137] [138] . The level of sialylation in HEK293-derived A1AT was not depicted in one study by Lusch et al. as samples were desialylated prior to MS analysis, although a supplementary analysis showed presence of sialic acid in about 90% of total glycan structures [139] . Notably, CHO-derived A1AT was found to contain both Neu5Ac (98.7%) and traces of nonhuman Neu5Gc at 1.3% of total sialic acids [136] . Sialic acids found in CHO-derived A1AT were exclusively a(2,3)-linked in contrast to the native and human cell line-derived A1AT which contained both a(2,3)-linked and a(2,6)-linked sialic acids [136] .
Implication of selecting a suitable host cell line
Glycosylation plays an important role in the pharmacokinetics and immunogenicity of recombinant biotherapeutics. From the case studies presented above, it can be observed that protein glycosylation is significantly dependent on the host-cell type. This should form part of the considerations for the choice of a host cell line for the manufacture of recombinant biotherapeutics, in addition to production yield and cost, scalability, and regulatory acceptance. Given the role of glycans, this consideration will contribute to the functional similarity or enhancement of the recombinant product when compared to the native protein.
Due to a large degree of familiarity, CHO cells have been the predominant choice for the production of many recombinant proteins. This choice is augmented by several glycoengineering strategies to humanize CHO cells and similarly, other nonhuman cell lines to produce recombinant proteins with human-compatible glycosylation [141] [142] [143] [144] [145] . An alternative strategy would be to utilize human host cells thus circumventing the risk for synthesizing antigenic glycans. This measure is especially important for the production of therapeutics as these recombinant proteins are administered to nonhealthy individuals, sometimes at high doses and over long periods which may increase the incidence of an immunogenic response. With the importance of glycosylation on the physical and functional properties of recombinant proteins, continued efforts in glycobiology will contribute to more informed decisions on biotherapeutic manufacturing, product quality and efficacy.
Disclosure statement
No potential conflict of interest was reported by the authors. 
Funding

